A consistent approach for generating a hybrid DSMC/CFD solution is presented for re-entry applications involving neutral gas mixtures with internal energy. A quality hybrid solution requires consistency in the thermo-chemical models employed by the particle (DSMC) and continuum (CFD) solvers, as well as an appropriate boundary condition for the transfer of flux information across the hybrid interface. The first half of this work focuses on achieving consistency in the transport properties obtained by particle and continuum solvers, including species diffusion, viscosity and translational and internal thermal conductivities for a five-species air mixture. In the second portion, a new approach for the generation of particles at a hybrid interface is presented for gas mixtures with internal degrees of freedom. Particle thermal velocities and internal energies are prescribed from the appropriate non-equilibrium (perturbed) distribution, in which diffusion, shear stress and heat flux terms are included in the Generalized Chapman-Enskog formulation of the perturbation. The significance of the contributions from these terms on the perturbation are examined at a hybrid interface within non-equilibrium boundary layer flow, as well as within the breakdown region near a normal shock, in a five-species air gas mixture. The validity of the Chapman-Enskog perturbation at each of these hybrid interfaces is assessed by comparison with the Generalized Chapman-Enskog perturbations. 
I. Introduction
Flows generated around vehicles during hypersonic re-entry or high-altitude flight are often characterized by multi-scale, multi-physics phenomena, and may include regions of both near-continuum and nonequilibrium flow. While the details of non-equilibrium processes are established at the microscopic scale,
II. Consistent Treatment of Transport Properties
The aim of this section is to establish a general approach for achieving consistency in the transport properties between DSMC and CFD solvers. To this end, it is assumed that the transport coefficients determined from the CFD transport models serve as the 'standard' values of diffusion, viscosity and thermal conductivity. The transport coefficients from DSMC are computed from Chapman-Enskog theory in which the collision integrals are expressed in terms of the VHS and VSS collision cross section models.
Various models are available for computing the mass diffusion, viscosity and thermal conductivity coefficients in continuum CFD solvers. In this work, the diffusion coefficients are determined using the selfconsistent effective binary diffusion (SCEBD) model, and the viscosity and thermal conductivity coefficients are determined by the Gupta-Yos approximate mixing rules. 21, 22 The transport properties within the GuptaYos model are determined from expressions involving the collision integrals, Ω 1 st (1) and Ω 2 st (2), and a curve-fit is employed to obtain these collision integrals as a function of temperature.
The transport properties in DSMC are a result of the transfer of mass, momentum and energy through particle movement and collision dynamics as determined by the collision model. DSMC uses a variety of collision models, including variable hard sphere (VHS) and variable soft sphere (VSS) models, in which the simulation particles are modeled as hard spheres of diameter d which is a function of g, the relative speed of the collision pair, such that d ∼ (1/g) ω−1/2 . The VSS model also includes a scattering angle specified by the coefficient α, such that values of α > 1.0 result in a scattering angle smaller than the corresponding value of the VHS model (in which α = 1.0). The reduced scattering angle effectively establishes a forward-scattering tendency of the colliding particles. This feature in VSS provides a model in which both the diffusion and viscosity cross sections are consistent with those from the inverse power law potential.
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The fitting of the DSMC transport coefficients to the CFD values is achieved through application of the Nelder-Mead Simplex Method, 24, 25 which is used to determine the set of VHS and VSS model parameters that provide the best fit in the transport coefficients. 26 Before doing this, we first present the expressions used to determine the DSMC mixture diffusion, viscosity and thermal conductivity coefficients based on the VHS and VSS models.
To allow for a consistent comparison to the SCEBD species diffusion model used in the CFD solver, we compute the effective diffusivities D s from DSMC according to:
Here, χ t is the mole fraction of species t, w and w s represent the weighting factors defined as:
In (2), ρ s is the density of species s, M s is the molar mass of species s, and D st is the binary diffusion coefficient for species pair s, t:
In (4), k b is Boltzmann's constant, n and T are the number density and temperature, respectively, and m * st is the reduced mass. In the case of the species diffusion, it would be best to use the full matrix of multicomponent diffusion coefficients, D st , in the fitting process directly, rather than using the effective binary diffusion coefficients as shown in (1) . However, the Navier-Stokes solver considered in this work employs the SCEBD model in determining the diffusion mass flux, which uses a mixing rule to approximate the full multicomponent diffusion coefficient matrix as five effective binary diffusion coefficients, D s . We therefore adopt this model to represent the species diffusion coefficients from DSMC, allowing for a consistent comparison between the two solvers.
The DSMC mixture viscosity can be determined from the first-order approximation of the mixture viscosity which is defined as:
The quantity b s is the contribution of each species to the overall mixture viscosity and may be determined by solving the following system:
The quantities µ s and A st in (6) represent the viscosity of species s when pure and the first ratio of collision integrals, respectively, and are defined as:
The terms ρ s , ρ t refer to the density of species (s, t) when pure at the pressure and temperature of the actual gas mixture, and m s , m t are the molecular masses of species s, t, respectively. The mixture translational thermal conductivity is determined by:
The quantity a s is the contribution of each species to the overall mixture translational thermal conductivity and may be determined by solving the following system:
The quantities λ s and B st in (10) represent the conductivity of species s when pure and the second ratio of collision integrals, respectively, defined as:
where c v is the specific heat at constant volume of species s, and p is the pressure of the gas mixture. The rotational and vibrational conductivities are determined using Eucken's formula, in which it is assumed that the conductivity of the gas is separated into two non-interacting parts, [K tr ] 1 and K int . 27 The internal thermal conductivities are given by:
where ρ i is the partial density defined as the product of the mixture density, ρ and the species mass fraction, Y i :
Finally, the collision integrals involved in computing (5) and (9) and the ratio of collision integrals in (12) can be expressed in terms of the VHS parameters as follows:
The collision integrals are expressed according to the VSS collision model as:
The ratio of collision integrals B st V SS for the VSS collision model is identical to the expression for B st V HS given in (18) . In (7), the collision integral Ω 2 1 (2) is of the form given in (16) or (19) with s = t, and in (16)- (20) , Γ(x) is the gamma function.
Within DSMC, the VHS and VSS parameters in (16)- (20) are often determined simply as the average values of species s and t (e.g.,
, regardless of the specific collision partners involved in the collision. The model parameters determined using this approach are herein referred to as collisionaveraged values. When considering collisions within a gas mixture, however, the VHS and VSS model parameters should be prescribed for each specific collision pairing, rather than using a simple averaging rule for all collision pairs. 1, 28 The model parameters determined with this approach are herein referred to as collision-specific values.
The gas mixture considered in the present work is a five-species air ([N 2 , O 2 , N O, N, O] ∈ S) equilibrium gas mixture. The conditions considered in this work represent typical boundary layer edge conditions for an Orbiter re-entry trajectory point of Mach 20, which corresponds to a pressure of 2300P a. The temperatures considered in the present work range from 1000K to 5000K, which are well within the limits of the transport models considered here. To construct the fitting problem, initial values are prescribed for all VHS and VSS parameters, using either collision-averaged or collision-specific pairing. The transport coefficients are then computed and collectively expressed in vector form as a function of the VHS or VSS parameters over the desired temperature range according to (1) , (5), (9), (13) , and (14) . Note that while the transport coefficients of mass diffusion, viscosity and thermal conductivity are functions of temperature, the VHS and VSS parameters are not. A second vector comprising the transport properties given by the 'standard' SCEBD and Gupta-Yos models is constructed, and the goal of the fitting process is to minimize the distance (or error) between the two vectors by adjusting the VHS or VSS parameters. The adjustment of the VHS/VSS parameters is performed using the Nelder-Mead Simplex Method. 24, 25 This method uses an iterative direct search algorithm to determine the appropriate set of variables required to achieve a minimum difference between the two vectors. The vector of transport coefficients computed from the initial VHS/VSS parameter values forms the first function iteration. The simplex method then perturbs the parameters, and the new transport coefficients are computed and assembled into vector form. If the resulting perturbation produces a smaller distance between the vectors, the simplex method extends the perturbation in the same direction and continues the search. If the perturbation resulted in a larger distance between the two vectors, the simplex method searches in the opposite direction in parameter space.
III. DSMC Particle Generation
Particles generated at a non-equilibrium hybrid interface may be introduced into the computational domain using either a volume reservoir or surface reservoir approach. 7, 14 While these methods have been successfully applied for simple (single-species, monatomic) gases, the current work seeks to extend the reservoir approaches to gas mixtures with internal degrees of freedom. In this section, the perturbation describing the non-equilibrium nature of the gas mixture is derived by way of the Generalized Chapman-Enskog framework, and a sampling procedure is outlined for DSMC particle generation from this non-equilibrium distribution.
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Consider a gas mixture of S species with internal degrees of freedom inside a reservoir extending from (−∞ < x ≤ 0) which is perturbed slightly from the equilibrium Maxwell-Boltzmann distribution. In the Generalized Chapman-Enskog framework, the velocity distribution describing the particle thermal velocities of species s within the reservoir may be expressed as:
where
is the equilibrium Maxwell-Boltzmann distribution defined by:
Here, Z int = Z rot Z vib is the internal partition function, which can be written as the product of Z rot and Z vib assuming the molecules in the system follow rigid rotator and harmonic oscillator models, and E int = int /k b T int is the scaled internal energy. In this work, it is assumed that the rotational relaxation occurs rapidly such that T tr ≈ T rot , resulting in the scaling E rot = rot /k b T tr . Vibrational relaxation processes occur over a much longer timescale, such that T tr = T vib , resulting in the scaling E vib = vib /k b T vib . Note also that the degeneracy g vib of the harmonic oscillator is unity. In Eq. (21),
is the perturbation function describing the small departure from the equilibrium state for species s, which may be expressed in terms of the macroscopic fluxes as:
The perturbation φ GCE,s in Eq. (23) is the Generalized Chapman-Enskog (GCE) perturbation, which is written in terms of the dimensionless species diffusion flux, shear stress and heat flux components. As will be shown in Section IV(B), these dimensionless fluxes, or breakdown parameters, can be used as a measure of the non-equilibrium nature of the flowfield, and are demonstrated to provide an indication of the importance of the diffusion and internal heat fluxes on the overall perturbation. The translational heat flux and shear stress components in Eq. (23) are defined for species s:
and for the gas mixture we introduce the dimensionless diffusion and internal heat flux components defined as:
is the species diffusion flux, and c int represents the internal (rotational or vibrational) specific heats. The bulk viscosity is excluded in the derivation of the perturbation function. The details of the formulation of φ GCE,s are provided in Stephani et al.
Particles generated within a volume reservoir may be sampled from the distribution shown in Eq. (21) using an acceptance-rejection procedure outlined at the end of this section. To generate particles using a surface reservoir approach, the particles must be sampled from a distribution which describes the molecules of species s within this reservoir which cross the surface reservoir boundary at x = 0 and enter into the computational domain per unit time and area. This is equivalent to determining the ratio of the flux of species s molecules which cross the hybrid surface into the computational domain to the total number of molecules of species s with motion in the +x direction per unit time and area:
After evaluation of this expression, we arrive at the distribution function for particles of species s generated at a surface reservoir within a non-equilibrium gas mixture:
We have expressed this distribution as a product of the surface reservoir distributions, defined below, and the corresponding perturbation function given by Eq. (23). The surface reservoir tangential distributions follow regular Maxwellian distributions:
while the surface reservoir normal distribution contains the form of the equilibrium one-sided Maxwellian distribution, but is modified by the integration over the perturbation included in (28), and is given as:
Particles are generated from the volume reservoir distribution (Eq. (21)) or the surface reservoir distribution (Eq. (29)) following an approach similar to that for the simple gas, however the distribution for the gas mixture is computed specifically for each species according to the species-specific flux information provided by the Navier-Stokes solution. The perturbation function is now dependent on the particle internal energy as well as the thermal velocity, thus the rotational and vibrational internal energy levels must be determined for each particle before the perturbation function can be completely specified. It is also important to note that the non-equilibrium distribution for a gas mixture with internal energy is prescribed by a perturbation of the Maxwell-Boltzmann distribution (Eq. (22)). This perturbation therefore describes not only the nonequilibrium nature of the velocity distribution functions, but also the non-equilibrium nature of the internal energy distribution functions, according to the macroscopic flux quantities comprising the perturbation in Eq. (23) . In order to sample this distribution, both the thermal velocities and internal energies are included in the acceptance/rejection step, thereby 'filtering' these sampled quantities to reflect the non-equilibrium nature of the flow (see Figure 1) .
To generate particle thermal velocities and internal energies from the non-equilibrium distributions in Eq. (21) or Eq. (29), we use the following acceptance-rejection algorithm: Figure 1 . Schematic of sampling procedure for a non-equilibrium surface reservoir distribution. Thermal velocities and internal energies sampled from the equilibrium (Maxwell-Boltzmann) distributions are rejected more often in the region where Γ < 1, and are accepted more often in the region where Γ > 1, resulting in the perturbed distribution, f (1) .
1. Generate the particle rotational and vibrational energy from the Boltzmann distribution according to:
2. Generate the equilibrium thermal velocity components (C x , C y , C z ) from the Maxwell distribution for volume reservoir particles, or (30) and (31) for surface reservoir particles. (sampling details are outlined in Appendix A)
3. Compute the average rotational and vibrational energy of a particle using the rigid rotor/harmonic oscillator approximations:
4. Compute the amplitude parameter A = 1 + 30B, where B is the breakdown parameter determined by
, otherwise go to (1).
6. If a non-zero bulk velocity exists in the tangential (y, z) directions, these are simply added to the accepted thermal velocity components from
Step (5), yielding (C x , C y + βv, C z + βw).
Thus, the macroscopic Navier-Stokes quantities Q required for generating the DSMC particles at the non-equilibrium hybrid interface within a gas mixture are:
If species-specific flux information is not available for the shear stress or heat fluxes, then lower-fidelity mixture quantities may be used instead. 
IV. Results
The VHS collision model is found to provide reasonable agreement with the CFD models for diffusion, viscosity and thermal conductivity, but as shown in Figures 2-4 , this model is only capable of producing fitted mixture transport coefficients that lie within 15% − 20% of the SCEBD and Gupta-Yos model values. The fitting of the VHS parameters result in DSMC diffusion coefficients that lie within 15% of the CFD diffusion coefficients determined from the SCEBD model, using both collision-averaged and collision-specific pairing (Figures 2(b,c) ). The collision-specific pairing performs particularly well over the temperature range of 1000K − 4000K, while the collision-averaged pairing shows noticeable errors over the entire temperature range. Similar trends are observed in the errors in the mixture viscosity (Figures 3(b,c) ) and the translational, rotational and vibrational thermal conductivities (Figures 4(b,c) ). The collision-specific pairing approach offers a slight advantage over the collision-averaged pairing, and this is likely due to the fact that more variables are available in the collision-specific fitting process. The best-fit VHS parameter values are tabulated in Appendix B. 
VSS: Collision-averaged and collision-specific pairing
The results from the fitting of the transport coefficients determined by the VSS collision model are presented in Figures 5-7 . The transport coefficients produced by the SCEBD and Gupta-Yos transport models are again shown in Figures 5(a) The VSS collision model is found to provide exceptional agreement with the CFD models for diffusion, viscosity and thermal conductivity. The fitting results in Figures 5-7 indicate that this model is capable of producing fitted mixture transport coefficients that lie within 5% of the SCEBD and Gupta-Yos model values. The fitting of the VSS parameters result in DSMC diffusion coefficients that lie within 5% of the CFD diffusion coefficients determined from the SCEBD model using the collision-averaged pairing ( Figure  5(b) ), while the error using the collision-specific pairing (Figures 5(c) ) remains within 3%. Similar trends are observed in the errors in the mixture viscosity (Figures 6(b,c) ) and the translational, rotational and vibrational thermal conductivities (Figures 7(b,c) ). The collision-specific pairing approach offers a slight advantage over the collision-averaged pairing, and again, this is likely due to the fact that more variables are available in the collision-specific fitting process. However, it is important to note that the choice of collision cross-section model has a greater impact on the overall agreement achieved in the transport coefficient fits. The collision pairing approach (i.e., collision-averaged versus collision-specific) should only be a secondary consideration when determining the best-fit collision model parameters. The best-fit VSS parameter values are also tabulated in Appendix B. 
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B. Evaluation of the breakdown parameters in a five-species air gas mixture
In this section, we present a simple analysis to assess the importance of the additional diffusion and internal heat flux terms that are introduced through the formulation of the Generalized Chapman-Enskog perturbation. The analysis that is outlined in this section is applied to CFD solutions of two general flow cases, but this analysis can be easily extended to any Navier-Stokes flowfield solution to determine (a) where the Navier-Stokes solution breaks down (spatially), and (b) the macroscopic flux parameter(s) that lead to breakdown, according to the breakdown criterion of B ≤ 0.1 suggested for Chapman-Enskog particle generation.
14 Finally, this analysis can be used to determine whether DSMC particles may be generated from the regular Chapman-Enskog distribution (in cases where diffusion or internal heat flux contributions are negligible), or if the Generalized Chapman-Enskog distribution is required. To demonstrate this analysis, we evaluate the relative sizes of each of the breakdown parameters in two types of flows: (1) hypersonic flat-plate boundary layer flow, and (2) the breakdown region near a shock formed by two-dimensional hypersonic flow over a cylinder.
In each of these cases, we consider a reacting five-species air gas mixture, with the freestream conditions shown in Table 1 . In both cases, the flat plate and cylinder surfaces are treated as non-catalytic, isothermal walls (where T w = 1000K), and a no-slip wall condition is enforced. The flowfields are computed using DPLR, 30 in which reactions are computed using Park's finite-rate chemistry model. 31 The flow is modeled allowing for translational, rotational and vibrational thermal non-equilibrium, and the mixture transport coefficients (diffusion, viscosity and thermal conductivities) are computed using the self-consistent effective binary diffusion (SCEBD) and Gupta-Yos models. 21, 22 Note that the SCEBD model uses a mixing rule to approximate the effective diffusion coefficient of each species s in the gas mixture, while the Gupta-Yos model computes mixture viscosity and thermal conductivities. Therefore, in the analysis of the cases that follow, the flux parameters (given by (24) - (27)) and perturbations (φ CE 14 and φ GCE,s from (23)) are determined using species-specific diffusion fluxes and mixture shear stress and heat fluxes that are output from the DPLR solution. 2.1 × 10
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Hypersonic 2-D boundary layer flow
The breakdown parameters from the flat-plate boundary layer flow case are presented in Figure 8 . The diffusion, shear stress and heat flux breakdown parameters were computed according to (24) - (27) , using either species-specific or mixture quantities as stated previously. The breakdown parameters are plotted as a function of wall-normal distance, normalized by the boundary layer thickness, δ 0.99h , as indicated schematically in Figure 8(a) . The boundary layer thickness was determined as the location above the surface where the enthalpy had recovered to 99% of the freestream value.
In Figure 8 (a), the diffusion breakdown parameter is plotted for each species s, and for each flux direction (x, y) in the boundary layer flow. The diffusion flux computed in DPLR is determined for gradients in concentration only, while the thermal diffusion (flux due to gradients in temperature) is neglected. Note that the diffusion fluxes due to streamwise concentration gradients (D x,s ) are all essentially zero. The diffusion fluxes due to wall-normal concentration gradients (D y,s ) are largest near the wall, with maximum values observed at approximately 0.2δ 0.99h . The strongest diffusion occurs for the atomic oxygen and molecular oxygen, and all diffusion fluxes decay towards zero approaching the boundary layer edge. The magnitudes of the diffusion breakdown parameters are relatively small in comparison to the shear stress breakdown parameters, shown in Figure 8(b) . The relevant stress tensor quantities in this two-dimensional boundary layer flow are the normal stress components, τ xx , τ yy , τ zz and the shear stress component τ xy , while the remaining stress tensor components are zero. The maximum values of the normal stress breakdown parameters are comparable in magnitude to the diffusion breakdown parameters, but the shear stress breakdown parameter is an order of magnitude larger, with a maximum value at the wall of approximately 1.25 × 10 −3 . Comparison of perturbation φ computed using Chapman-Enskog (CE) formulation 14 or Generalized ChapmanEnskog (GCE) formulation for each species (Equation (23)).
The heat flux breakdown parameters are provided in Figure 8 (c) as a function of wall-normal distance. The parameters in the figure represent the translational, rotational and vibrational heat fluxes due to stream-wise and wall-normal temperature gradients. Note again that the streamwise component of the heat flux breakdown parameters are essentially zero, as shown for q tr,x ,q rot,x , andq vib,x . Each of the wall-normal heat flux breakdown parameters have maximum values at the wall, and it is observed that for this boundary layer flow solution, q tr,y provides the largest contribution to the non-equilibrium perturbation up to a distance of approximately 0.4δ 0.99h . It is also important to note that the internal heat flux breakdown parameters are approximately the same magnitude as the shear stress breakdown parameter throughout the boundary layer, which suggests the importance of including the internal energy contributions in determining the non-equilibrium velocity distribution function.
To assess the significance of these breakdown parameters, we use the breakdown parameter profiles provided in Figure 8(a)-(c) , as well as the local flowfield information, to approximate the perturbation φ in the boundary layer according to the Generalized Chapman-Enskog formulation φ GCE,s (23) and the Chapman-Enskog formulation φ CE .
14 The particle thermal velocity and the particle internal energies are approximated by their most probable values, and so C i and E int in these expressions take on values of unity for purposes of this approximation. The purpose of this comparison between the perturbations φ GCE and φ CE is to understand the overall effect of the additional diffusion and internal heat flux contributions on the calculation of the perturbed distribution function. The resulting profiles are shown in Figure 8(d) . The perturbations computed from the Generalized Chapman-Enskog formulation for each of the five species are represented by the solid and broken lines, and are plotted as a function of wall-normal distance. The solid line with an open circle symbol represents the perturbation computed from the regular ChapmanEnskog formulation. Several observations can be made from the comparison of these perturbations. First, it is seen that the perturbations are nearly indistinguishable in the outer part of the boundary layer, for 0.4 < y/δ 0.99h . It is also observed that the perturbation φ GCE,N for atomic nitrogen follows the ChapmanEnskog perturbation φ CE almost perfectly, which is consistent with the fact that the diffusion flux of atomic nitrogen is very small throughout the boundary layer, as shown in Figure 8 (a). The perturbation φ GCE,O of atomic oxygen, on the other hand, is seen to deviate slightly from φ CE by approximately 5% at a distance 0.2δ 0.99h , which corresponds to the location of maximum diffusion flux D y,O in the boundary layer.
The comparison of the perturbations φ GCE and φ CE for the molecular species N 2 , O 2 and N O show considerable differences near the wall (Figure 8(d), enlarged inset figure) , which can be attributed to the inclusion of the internal heat flux in the calculation of the perturbation φ GCE . The magnitude of the Generalized Chapman-Enskog perturbation at the wall is approximately 30 − 40% larger than the perturbation predicted by the Chapman-Enskog formulation. The perturbation φ GCE,O2 of molecular oxygen is driven towards the Chapman-Enskog perturbation φ CE for wall-normal distances greater than 0.2δ 0.99h , which corresponds to the large positive diffusion flux observed in this region in Figure 8(a) . Approaching the wall, however, the heat flux contribution dominates the perturbation, and the perturbation φ GCE,O2 follows the asymptotic trend of the other molecular constituents (molecular nitrogen and nitric oxide) toward the wall. Note that the diffusion flux breakdown parameters of molecular nitrogen and nitric oxide are comparatively small throughout the boundary layer. It should also be noted that although the perturbation φ GCE becomes considerably larger than φ CE near the wall, the magnitude of the breakdown parameters are less than 0.1 throughout the boundary layer, and thus Generalized Chapman-Enskog Theory is still expected to adequately represent the perturbation of the velocity distribution function. 14 
Hypersonic flow over a cylinder (normal shock flow)
The breakdown parameters from the hypersonic flow over a cylinder are shown in Figure 9 as a function of the distance along the stagnation line x/R, where the cylinder surface is located at x/R = 0, and the shock is located at x/R ≈ −0.289. The diffusion flux, shear stress and heat flux breakdown parameters are computed in the same way as discussed in Section IV(B.1). Unlike the boundary layer flow case, the gradients within the normal shock become large very quickly, and the breakdown criterion is exceeded by the parameters at various x/R locations. To present the results from this analysis, we only show the breakdown parameter profiles up to the x/R location where the first parameter exceeds the breakdown criterion, B ≤ 0.1. This region is upstream of the normal shock, and is represented schematically in the inset figure of Figure 9 (a). As will be shown, the translational heat flux parameter exceeds this breakdown criterion first, at a location of approximately x/R = −0.293. After this point (for larger values of x/R), the approximations used to formulate the perturbation become invalid.
The diffusion flux breakdown parameters are shown in Figure 9 (a) per flux direction and per species. Although the diffusion fluxes become larger within the shock and shock layer, they are completely negligible within the breakdown region presented here. This observation, as well as the resulting analysis of the boundary layer flow, suggests that the mass diffusion flux plays a relatively minor role in the total perturbation of the velocity distribution function. It is important to note, however, that the present formulation of the Generalized Chapman-Enskog perturbation neglects terms which arise due to chemical reactions, in which diffusion mechanisms may become relatively important. The stress tensor breakdown parameters are shown in Figure 9 (b). In this case, the normal stresses increase appreciably before the breakdown location, with τ xx = 4.0 × 10 −2 and τ yy , τ zz = 1.0 × 10 −2 , while the shear stress parameter remains negligible, in contrast to the boundary layer flow case. The translational, rotational and vibrational heat flux parameters are presented next in Figure 9 (c). The translational heat flux is the first parameter to exceed the breakdown criterion, with |q tr | = 0.1 at a location of x/R = −0.2935. The values of the rotational and vibrational heat flux parameters, which lag the translational contribution, are also observed to increase before the breakdown location.
The dominance of this translational heat flux is evident in the total perturbation, plotted in Figure 9 (d) as a function of distance x/R. In this figure, we have again computed the perturbation from the General-ized Chapman-Enskog formulation which includes the contributions from the diffusion fluxes and internal heat fluxes on the total perturbation of the velocity distribution function. The curves representing the perturbation φ GCE,s of the atomic species N, O are indistinguishable from the regular Chapman-Enskog perturbation; this underscores the fact that the diffusion flux has no effect on the total perturbation for this flow case. The curves representing the perturbation of the molecular species do deviate slightly from the regular Chapman-Enskog perturbation, due to the influence of the internal heat fluxes on the total perturbation, but this difference (≈ 2%) is negligible in comparison to the boundary layer flow case. As indicated by the breakdown parameters in this analysis, it would be necessary to generate the surface reservoir at the breakdown location of x/R ≈ −0.293. It is seen that the regular Chapman-Enskog perturbation φ CE adequately represents the total perturbation, and the use of the Generalized Chapman-Enskog perturbation is unnecessary for the normal shock flow conditions considered here.
V. Conclusion
A general approach for achieving consistency in the species diffusion, viscosity and thermal conductivity coefficients between DSMC and CFD (Navier-Stokes) solvers was presented for a five-species air gas mixture. The CFD transport coefficients were considered as the 'standard' values to which the DSMC transport coefficients were fitted by selectively adjusting the VHS/VSS parameters using the Nelder-Mead Simplex Method. Through this process, it was determined that it is more important to use the appropriate (VSS) collision model in a DSMC simulation involving gas mixtures in order to match all transport coefficients. The way that the collision model parameters are calculated for a colliding pair (e.g., collision-averaged or collision-specific) should be a secondary consideration when determining collision model parameters.
A new method for DSMC particle generation at non-equilibrium hybrid interfaces involving gas mixtures with internal energy was also presented. The perturbation describing the non-equilibrium distribution function was expressed in terms of Navier-Stokes flux quantities including species diffusion, shear stress, and translational and internal heat fluxes. Particle thermal velocity components and internal energies generated at this interface are sampled from this distribution according to the algorithm provided in Section III. The Generalized Chapman-Enskog distribution therefore describes not only the non-equilibrium nature of the velocity distribution functions, but also the non-equilibrium nature of the internal energy distribution functions. This formulation provides a complete set of breakdown parameters, and a simple analysis was presented to assess the significance of the species diffusion and internal energy fluxes in non-equilibrium boundary layer flow and normal shock flow.
Future work will aim to extend these hybrid approaches to include chemical reactions in the formulation of the hybrid interface boundary condition. Other high-enthalpy effects will also be incorporated into this hybrid framework, such as the consideration of weakly-ionized flows. 
The resulting normalized distribution is thus:
Note that since the terms in the denominator of (33) are independent of C x , they simply scale the distribution and cancel in the normalization, thus the result in (35) is the same distribution used in the well-established sampling process for the equilibrium normal velocity component. 
